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ABSTRACT 
Purpose: To examine the effects of optical blur, auditory distractors and age on eye 
movement patterns while performing a driving hazard perception test (HPT). 
Methods: Twenty young (mean age 27.1 ± 4.6 years) and 20 older (73.3 ± 5.7 years) drivers 
with normal vision completed a HPT in a repeated-measures counterbalanced design while 
their eye movements were recorded.  Testing was performed under two visual (best-corrected 
vision and with +2.00DS blur) and two distractor (with and without auditory distraction) 
conditions.  Participants were required to respond to road hazards appearing in the HPT 
videos of real-world driving scenes and their hazard response times were recorded. 
Results: Blur and distractors each significantly delayed hazard response time, by 0.42 and 
0.76s respectively (p<0.05). A significant interaction between age and distractors indicated 
that older drivers were more affected by distractors than young drivers (response with 
distractors delayed by 0.96 and 0.60s respectively).  There were no other two- or three-way 
interaction effect on response time.  With blur, both groups fixated significantly longer on 
hazards before responding compared to best-corrected vision.  In the presence of distractors, 
both groups exhibited delayed first fixation on the hazards and spent less time fixating on the 
hazards. There were also significant differences in eye movement characteristics between 
groups, where older drivers exhibited smaller saccades, delayed first fixation on hazards, and 
shorter fixation duration on hazards compared to the young drivers.  
Conclusions: Collectively, the findings of delayed hazard response times and alterations in 
eye movement patterns with blur and distractors provide further evidence that visual 
impairment and distractors are independently detrimental to driving safety given that delayed 
hazard response times are linked to increased crash risk.   
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Vision is the major sensory input for driving;1 with drivers having to continuously monitor 
and process large amounts of visual information from the driving environment in order to 
make judgements regarding vehicle speed and positioning, as well as detection of potential 
hazards.  This reliance on vision for safe driving has implications in an aging driving 
population given that eye diseases and visual impairment are more common with increasing 
age.2 Importantly, the number of older adults with visual impairment is projected to increase 
significantly over the next few decades.2 
In industrialised countries, the major cause of visual impairment in older adults is uncorrected 
refractive error3 which, in the form of optical blur, has been shown to have negative effects 
on driving.  In a series of closed-road studies by Wood et al.,4-6 optical blur was shown to 
decrease driving speeds, and reduce the detection of road signs, pedestrians and low-contrast 
hazards in both young and older drivers, with these effects exacerbated during night-time 
driving.6  Moreover, even in the absence of uncorrected refractive errors or other forms of 
visual impairment, physiological changes such as reduced crystalline lens transparency and 
pupillary miosis occur as a result of the normal ageing process, causing a decrease in the 
visual function of older adults.7  These age-related vision changes, along with those resulting 
from ocular diseases, have been reported to affect hazard detection performance,8-10 and are 
likely to contribute to the declines in driving ability that are evident with increasing age.11 
Older drivers are also susceptible to the negative effects of distractors and secondary tasks 
while driving.  Closed-road studies have shown that road sign recognition, hazard detection, 
and overall driving performance were reduced when older drivers undertook an arithmetic 
summing task compared to when driving without a secondary task.4, 12  Distractors also have 
a negative impact on young and middle-aged drivers, reducing their driving performance12 
and increasing crash risk,13 albeit to a smaller extent for older drivers.4, 12  In today’s driving 
environment, distractions such as use of mobile phones14 and in-vehicle information systems 
are becoming increasingly common, and these have been demonstrated to be detrimental to 
driving safety as they reduce drivers’ attention on the road.13, 14  Around 25% of traffic 
accidents have been attributed to inattention or distraction while driving, sources of which 
include eating or drinking, smoking, drowsiness, as well as the use of in-vehicle information 
systems.13   
One useful approach to better understand how visual impairment and distractors affect 
driving performance is to evaluate the eye movement patterns of individuals while they 
perform driving-related tasks.  During the driving task, fixations are directed towards those 
areas in the visual scene that the driver identifies as relevant to the task; for instance, looking 
at the tangent point of a bend to control steering, and making saccades towards potential 
hazards to assess whether evasive manoeuvres are necessary.15 Eye movement tracking, 
particularly where fixations are directed within the road environment, may provide a useful 
objective index of visual attention while driving.  For example, studies have shown that 
novice drivers exhibit fewer fixations on peripheral hazards as compared to experienced 
drivers, which suggests that novice drivers have reduced visual scanning, and thus reduced 
attention, on road hazards.16  In simulator and on-road driving experiments, changes in eye 
movement patterns in the presence of distractors have similarly been demonstrated, which 
reflect drivers’ inattention on the road. 17-20  It has been shown that performing secondary 
visual tasks such as locating circles19 and arrows20 presented on the vehicle dashboard screen 
results in driver inattention and reduced driving performance. Non-visual distractors, such as 
verbal word generation,17 mental rotation of letters,17, 18 and arithmetic addition,21 in contrast 
to visual distractors, do not require drivers to take their eyes off the road. However, open-
road21 and driving simulator studies17, 18 have demonstrated that even non-visual distractors 
result in reduced peripheral scanning and fewer mirror checks. 
Although eye tracking techniques may facilitate a better understanding of drivers’ scanning 
behaviour and allocation of visual attention on the road, few studies have examined the eye 
movement patterns of drivers with visual impairment, and the majority of these have focused 
on drivers with visual field defects.9, 22  One possible reason for the lack of studies in this area 
is the difficulty in using eye tracking techniques on-road, where excessive head and shoulder 
movements, fluctuating lighting levels, as well as high infrared light levels may reduce the 
quality of eye tracking data.  Therefore, laboratory-based measures of driving ability and 
safety, including driving simulators, which better enable eye tracking, are more often utilised 
in driving and eye movement research.9, 16, 17  Laboratory-based tests also provide repeatable 
testing conditions, such as lighting levels and traffic conditions, as well as being safer and 
less expensive to conduct.   
In the current research, a laboratory-based index of driving safety that focuses on hazard 
perception ability was employed.  Hazard detection is a crucial component of safe driving, 
ensuring timely evasive action in response to hazards.10  Hazard response time has been used 
in several driving studies for example,9, 10, 23 and poor performance has been linked with 
elevated crash risk in older drivers.10  In Australia and the United Kingdom, it is mandatory 
that drivers pass a hazard perception test (HPT) as part of the driving theory test before an 
open driver’s licence can be issued.24-27  The HPT  involves viewing a series of video clips of 
real-world driving scenes and identifying potential hazards that require the driver to take 
evasive action to avoid a traffic conflict.10  Crabb et al.9 investigated the HPT performance of 
older drivers with binocular glaucomatous visual field loss, and showed that some, but not 
all, drivers missed hazards appearing from areas where they had field defects, although the 
authors did not report hazard response times.  In addition, Marrington et al.8 showed that the 
presence of simulated cataracts increased hazard response time by 350ms compared to 
baseline performance, even though visual acuity with the simulated cataracts satisfied the 
visual requirements for driving. 
There is some evidence that driving performance is negatively affected by visual impairment, 
distractors, and age, with possible interaction between these factors that compound their 
impacts on driving.4  However, there has been limited quantitative research on eye 
movements and visual attention in this area.  The current study therefore assessed the effects 
of optical blur and auditory distractors on HPT performance, as well as the eye movement 
patterns of young and older drivers to better understand the influence of these factors on 
visual attention and scanning behaviour.  It was hypothesised that the HPT performance of all 
participants would be negatively affected by blur and distractors.  It was also predicted that 
the HPT performance of the older drivers would be more affected by distractors as compared 
to the young drivers, given older adults’ decreased ability to effectively divide attention.12,19  
In terms of eye movement patterns, with blur, drivers were expected to have more difficulty 
locating the hazards, resulting in delayed first fixation and longer times to resolve and 
identify the hazard.  Furthermore, since distractors are likely to draw attention from the 
hazards, delayed first fixation was also expected. 
METHODS 
Participants 
Twenty young (mean age 27.1 ± 4.6 years, ten males and ten females) and 20 older drivers 
(73.3 ± 5.7 years, 15 males and five females) with normal vision were recruited from the 
QUT Optometry clinic, and the University’s staff and students.  Only current drivers, who 
had driven within the past three months, with at least two years of driving experience were 
included.  Participants with any ocular diseases or self-reported medical and cognitive 
impairments that could affect driving performance were excluded. All participants were given 
a full explanation of the nature of the study, and read and signed an informed consent form 
prior to participation.  The study followed the tenets of the Declaration of Helsinki and was 
approved by the Queensland University of Technology Human Research Ethics Committee.   
Visual function assessment and driving history 
An ocular health screening, including visual field assessment, contrast sensitivity 
measurement, slit lamp biomicroscopy and funduscopy, was conducted to ensure that the 
participants were free of any ocular disease.  To obtain the refractive correction, monocular 
subjective refraction with Jackson cross-cylinder, sphere determination to the endpoint of 
maximum plus, with binocular balancing was performed.  Best-corrected visual acuity (VA) 
was then measured with the Early Treatment for Diabetic Retinopathy Study chart at 4 m, at a 
luminance of 100 cd/m2, using the letter-by-letter scoring method.28  Contrast sensitivity was 
measured with the Pelli-Robson contrast sensitivity chart at 1 m at a luminance of 110 cd/m2, 
using the letter-by-letter scoring method.29  A working distance lens of +1.00 DS was used 
for the older participants.  Visual fields were assessed monocularly with the SITA-Fast 24-2 
threshold programme on the Humphrey Field Analyser (model 750, Carl Zeiss-Meditec, 
Dublin, CA) as a basis to exclude participants with visual field defects and characterise visual 
field sensitivity.  Participants’ driving history was assessed using the Driving Habits 
Questionnaire, a well-validated assessment of driving habits and status.30 
Hazard Perception Test (HPT) 
The HPT involved viewing a series of real-world driving scenes recorded through the 
windshield from a driver’s perspective.  Participants were instructed to view these video clips 
presented on a computer monitor, and to indicate the presence of any traffic conflict or hazard 
by clicking on the road user involved in the potential conflict with the computer mouse.  A 
traffic conflict was defined as “any situation where your vehicle is on course to hit another 
road user, and you need to slow down, brake, or change course in order to avoid a crash”.  To 
encourage participants to remain vigilant throughout testing, they were informed that each 
clip might contain more than one traffic hazard, and to use the mouse to click on each hazard 
as soon as it was identified.  
The duration of each video clip ranged from 8 to 29 seconds, and ran at 30 frames per second.  
The visual scene subtended a visual angle of 33.9° × 14.8° horizontally and vertically on the 
monitor at a viewing distance of 64 cm.  Participants completed a five-minute practice on the 
HPT prior to testing to ensure that they understood the task. Each video clip contained one 
primary traffic hazard, with two or fewer secondary hazards. However, only responses to the 
primary hazard were analysed.  Hazards consisted of pedestrians and cyclists (33 %) and 
vehicles (67 %; trucks, cars, motorcycles, and buses) presented in a variety of hazardous 
situations (merging or changing lanes, pulling out from a side road, lead vehicle suddenly 
slows down or stops).   
The primary outcome measure of the HPT was the hazard response time, measured as the 
time from the start of the video clip to the moment when the hazard was responded to by 
clicking the mouse.  As the time point during which a road user appears and becomes 
apparent as a hazard varied across the different video clips, for the purpose of analysis, the 
raw response times were converted to z-scores according to each video clip relative to the 
whole sample.  Where participants failed to respond to a hazard (7% of all video clips), the 
response was substituted23 with a z-score of +2.0 (97.5% percentile), to reflect poor hazard 
perception. To aid in the interpretation and reporting of the results, the z-scores were then 
converted back into an overall response time (in seconds) using the means and standard 
deviations of responses from all participants across all video clips.10, 23 A secondary outcome 
measures was the number of correctly detected hazards across the multiple video clips. 
Eye tracking protocol 
Participants’ eye movements were tracked while performing the HPT using a Tobii TX300 
eye tracking system (Tobii Technology, Danderyd, Sweden).  The system is a remote infrared 
eye tracker that does not restrain head movements, and has a sampling rate of 300 Hz and a 
reported tracking accuracy of 0.3 to 0.6°.31  Participants were seated comfortably in front of 
the eye tracker at a viewing distance of 64 cm from the monitor that presented the HPT video 
clips.  Prior to testing, an in-built calibration procedure was performed.  Eye movement data 
obtained from the eye tracking system included the number of fixations per second, average 
fixation duration, and average saccade amplitude.  Fixations were defined as static eye 
movements with gaze positions remaining within 1.6° of the visual angle for at least 100 
ms,32, 33 while saccades were defined as the eye movements that occur between two 
successive fixations.  The variance in fixation positions along the horizontal and vertical 
planes was also calculated to describe the extent of visual search patterns.  Data on gaze 
behaviour on hazards, including time to first fixation, total fixation duration, and fixation 
duration prior to response on each hazard, were collected.  The time to the first fixation on 
hazards was analysed using z-scores and converted back to an overall time (in seconds) for 
reporting purposes, as per participants’ response time to hazard.  Figure 1 shows a screenshot 
of an example scene from the HPT, depicting the fixational eye movements, hazard, and 
mouse click response. 
 
Figure 1. Screenshots of a typical HPT 
scene and an example of the fixation and 
response of a participant. Yellow circles 
represent points of fixation during the 
respective timeframes; the hazard is 
indicated by the yellow arrow. A. Start 
of video clip; B. Hazard (pedestrian) 
appears at 6.81 seconds into the video 
clip; C. Participant makes a saccade 
from position 1 to 2 to first fixate on the 
hazard at 9.94 seconds into the video 
clip; D. Participant responded to the 
hazard with a mouse click at 13.38 
seconds. 
   
Experimental design and procedure 
A 2×2 repeated-measures design was used, with four combinations of visual (best-corrected 
and blurred vision) and distractor (without and with an auditory distractor task) conditions. A 
total of 48 HPT video clips were used, divided into four sets of 12, with equal numbers of 
hazard types in each set. For each participant, the four video sets were presented in a random 
order, such that none of the sets were repeated for a given participant.  The videos sets were 
presented either in the presence or absence of blur or auditory distractors, the testing order of 
which were determined by a separate counterbalancing procedure to manipulate the testing 
order of the visual and distractor conditions.  For the optical blur, a +2.00 DS level was 
selected as, was found in pilot studies, it reduced VA to approximately 6/20, slightly better 
than the minimum VA of 6/24 for a conditional licence in Australia.34  Trial lenses were 
positioned in a trial frame, which included a working distance correction of +1.50 DS for the 
64 cm screen distance for both young and older participants.  For the distractor condition, 
each HPT video clip had its own custom-recorded audio navigation instructions, which were 
intended to be similar to those from a commercial satellite navigation device.  The volume of 
the navigational instructions was set individually for each participant to a level that they 
reported to be able to comfortably and clearly hear.  In approximately half of the video clips, 
the navigation instructions given were possible to follow, and the remainder were impossible 
to follow according to the driving scene.  For example, an impossible instruction would be 
“turn right in 20 metres” when there is no right hand street into which to turn.  One or more 
audio instructions were associated with each video clip. The instructions were designed in 
such a way as to draw attention away from the location of the hazard.  Participants were 
instructed to perform the HPT while listening carefully to these auditory navigation 
instructions, and to respond “yes” or “no” at the end of each video clip regarding whether it 
was possible or impossible to follow the audio instructions.  To ensure that participants were 
engaged with the distractor task, performance on the distractor task was recorded, 
demonstrating that all participants responded accurately for at least eight out of the 12 video 
clips (mean accuracy = 9.1 out of 12), although this data were not used in the analysis. 
Participants first completed the questionnaire and visual function assessment, followed by 
adaptation to each visual condition by watching a movie on the monitor at a distance of 64 
cm. An adaptation period was included given that studies35-37 have shown that the visual 
system partly adapts to optical blur (i.e. improvements in blurred VA) in the initial period 
following blur exposure; a 15-minute adaptation time was selected to minimise these 
adaptation effects.  Following the adaptation period, participants completed the HPT with and 
without auditory distractors.  This procedure was repeated for the second visual condition. 
Statistical analysis 
Video clip recordings with poor eye tracking data (more than 50% of data missing) were 
excluded from the analyses, consistent with similar eye tracking studies.38-40  Of all the 
recordings, 101 out of 1920 video clips were excluded (5.3%) based on this criteria. The 
remaining recordings had a mean of 87.6% (SD: 10.8%) eye tracking data available for 
analysis, and each participant had on average 11.4 video clips per recording (SD: 1.4) to 
analyse for each of the four conditions. 
Statistical analyses were performed using SPSS version 21.0 (SPSS, Chicago, IL), and the 
level of significance was set at p < 0.05.  To account for repeated measurements and missing 
data, the data were analysed using linear mixed-effects models,41 with random intercepts for 
participants.  The fixed effects included between-group age effects (young vs. older) and 
within-subject effects of vision (best-corrected and blur) and distractor (without and with 
auditory distractor) conditions.  All two- and three-way interactions were examined. Models 
were compared using several covariance structures and the best fit for each variable was 
determined, based on the Akaike’s Information Criteria.41   
RESULTS 
The visual function and driving characteristics of the study sample are shown in Table 1.  
There were no significant differences in gender distribution, weekly mileage, number of 
drivers with previous crashes, vision with +2.00DS blur, visual field mean deviation index, or 
contrast sensitivity between the two age groups.  While the young drivers had better VA than 
the older group (p = 0.003), all of the older drivers had VA of 0.04 logMAR or better. 
  
Table 1. Visual characteristics and driving status of participants  
 Young (n=20) Old (n=20) p-value^ 
Visual characteristics    
Spherical equivalent refractive error (D)    
 Right eye 
 Left eye 
−1.43 ± 2.15 
−1.23 ± 2.03 
−0.36 ± 1.45 
−0.31 ± 1.30 
0.08 
0.10 
Binocular best-corrected VA (logMAR) −0.13 ± 0.08 −0.05 ± 0.06 0.003* 
Binocular VA with +2.00D blur (logMAR) 0.54 ± 0.18 0.53 ± 0.14 0.76 
Difference in VA (binocular blur − best-
corrected; logMAR) 
0.67 ± 0.19 0.59 ± 1.19 0.11 
Visual fields  
 Better eye mean deviation (dB) 
 Worse eye mean deviation (dB) 
1.92 ± 0.93 
1.24 ± 0.85 
1.23 ± 0.91 
0.49 ± 1.18 
0.99 
0.07 
Binocular log contrast sensitivity 1.99 ± 0.22 1.95 ± 0.00 0.38 
Driving status    
Years of driving experience 7.0 ± 4.4 53.8 ± 7.62 <0.001* 
No. days driven in a typical week 4.8 ± 2.3 5.1 ± 1.9 0.56 
Weekly mileage (km) 237 ± 268 140 ± 131 0.15 
No. of crash-involved drivers in the 
previous 12 months (N, %) 
2 (10%)     1 (5%) 0.55 
No. of crash-involved drivers in the 
previous 5 years (N, %) 
7 (35%)   3 (15%) 0.14 
Continuous variables presented as mean ± standard deviation.  ^ Independent Samples t-test 
used for continuous variables, and chi-square test for categorical variables. *Statistically 
significant, p < 0.05 
The HPT performance for each testing condition and group are shown in Table 2.  Visual 
condition had a significant main effect on hazard response time, where blur delayed the 
response time on average by 0.42 s compared to the best-corrected condition (F1,1778 = 34.6, p 
< 0.001). However, the number of hazards detected did not differ significantly between visual 
conditions (F1,120 = 0.6, p = 0.46).  Distractors had significant main effects on both the hazard 
response time and number of hazards detected.  With distractors, both groups of drivers had 
delayed response times by an average of 0.76 s (F1,1779 = 113.1, p < 0.001) and detected on 
average 0.9 fewer hazards (out of 12) compared to the no distractor condition.  Age had no 
significant main effect on hazard response time (F1,40 = 2.9, p = 0.095), although the older 
drivers detected fewer hazards on average compared to the young (10.5 vs. 11.5 hazards 
detected out of 12; F1,40 = 11.2, p = 0.002).  However, there were significant age by distractor 
interaction effects on hazard response time (F1,1779 = 11.0, p = 0.001; Figure 2) and number 
of hazards detected (F1,120 = 18.0, p < 0.001), where the auditory distractor task negatively 
affected the hazard response performance of the older drivers to a greater extent than the 
young.  On average, the older drivers were 0.96 s slower to respond (F1,900 = 89.3, p < 0.001) 
and detected 1.5 fewer hazards (F1,60 = 32.4, p < 0.001) during the distractor task compared to 
without distractors. In contrast, the young drivers demonstrated an average delay of 0.60 s 
(F1,880 = 29.6, p < 0.001) and detected 0.3 fewer hazards (F1,60 = 4.7, p = 0.034) during the 
distractor task relative to without distractors.  There were no other significant two- or three-
way interactions. 
   
Table 2.  Mean values and SD for HPT performance and eye tracking measures for each age group and condition 
Age group Young Old 
Visual condition No blur With blur No blur With blur 
Distractor No distractor Distractor No distractor Distractor No distractor Distractor No distractor Distractor 
Response time (s) 10.5 ± 1.5 10.6 ± 1.7 10.8 ± 1.3 11.5 ± 1.8 10.7 ± 1.9 11.7 ± 1.9 11.1 ± 1.8 12.1 ± 2.0 
No. of hazards 
detected (out of 12) 
11.7 ± 0.5 11.3 ± 0.9 11.7 ± 0.6 11.6 ± 0.7 11.3 ± 1.1 9.7 ± 2.1 11.3 ± 1.2 9.9 ± 2.2 
No. of fixations per 
second 
1.89 ± 0.48 2.03 ± 0.48 1.82 ± 0.51 2.05 ± 0.42 1.87 ± 0.63 2.00 ± 0.65 1.91 ± 0.54 2.03 ± 0.59 
Average fixation 
duration (s) 
0.58 ± 0.23 0.53 ± 0.20 0.58 ± 0.25 0.50 ± 0.15 0.58 ± 0.31 0.55 ± 0.44 0.53 ± 0.23 0.52 ± 0.27 
Average saccade 
amplitude (°) 
4.43 ± 1.19 4.52 ± 1.21 4.13 ± 1.25 4.46 ± 1.11 3.87 ± 0.99 3.93 ± 1.20 3.98 ± 1.09 3.99 ± 1.16 
Horizontal search 
variance (°) 
83.0 ± 6.4 83.5 ± 5.6 81.6 ± 7.6 84.6 ± 3.5 82.2 ± 8.0 82.2 ± 8.3 82.9 ± 7.0 82.5 ± 8.7 
Vertical search 
variance (°) 
32.3 ± 20.8 32.6 ± 20.0 30.1 ± 18.0 33.0 ± 18.3 35.3 ± 20.6 35.2 ± 19.3 35.8 ± 21.5 35.4 ± 19.3 
Time to 1st  fixatione 
on hazard (s) 
7.64 ± 0.99 8.10 ± 1.45 8.00 ± 1.41 8.35 ± 1.67 8.05 ± 1.71 8.75 ± 1.78 7.97 ± 1.39 8.52 ± 1.72 
Fixation duration  on 
each hazard (s) 
4.41 ± 2.78 3.49 ± 2.33 4.16 ± 2.97 2.99 ± 2.09 3.63 ± 3.01 2.58 ± 2.24 4.01 ± 2.97 3.05 ± 2.54 
Fixation duration on 
each hazard before 
response (s) 
2.06 ± 1.71 1.88 ± 1.83 1.98 ± 1.92 1.83 ± 1.52 1.68 ±1.60 1.46 ± 1.69 1.87 ± 1.94 2.16 ± 2.63 
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Figure 2. Response time to hazards, as a function of auditory distractor condition and age. 
Error bars represent standard errors. 
 
The eye movement parameters for each testing condition and age group are shown in Table 
2.  Visual condition had a significant main effect on the fixation duration on the hazard prior 
to response, which increased by an average of 0.19 s (10.9 %) with blur (F1,1761 = 4.0, p = 
0.046).  There was no significant main effect of visual condition on any other eye movement 
parameter. 
The distractor task had a significant main effect on several eye movement parameters.  On 
average, the number of fixations per second increased by 0.21 (11.2 %; F1,1012 = 185.4,  p < 
0.001), average fixation duration shortened by 0.05 s (8.9 %; F1,1777 = 27.7, p < 0.001), 
saccade amplitudes increased by 0.13° (3.3 %; F1,1741 = 7.1, p = 0.008), and horizontal search 
variance increased by 0.8° (0.9 %; F1,1811 = 5.4, p = 0.021)  in the presence of distractors.  
Gaze behaviour on the hazards was also affected by distractors, with first fixation on hazards 
being delayed by 0.55 s (5.7 %; F1,1673 = 54.5, p < 0.001), and fixation duration on the hazard 
decreasing by 0.98 s (25.9 %; F1,1743 = 73.5, p < 0.001) on average with distractors.  There 
was also an age by distractor interaction effect on horizontal search variance (F1,1811 = 8.3, p 
= 0.004); with distractors, horizontal search variance of the young drivers increased 
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significantly by 1.7° on average (2.1 %; F1,892 = 18.6, p < 0.001), whereas the older group did 
not exhibit any significant change (F1,919 = 1.2, p = 0.23). 
Significant age differences in several eye movement parameters were also found.  Older 
adults on average exhibited smaller saccades by 0.41° (9.8 %; F1,39 = 8.0, p = 0.007), 
decreased horizontal search variance by 0.7° (0.9 %; F1,1811 = 4.8, p = 0.028), and increased 
vertical search variance by 3.4° (10.6 %; F1,1803 = 13.5, p < 0.001) compared to the young 
participants.  Furthermore, a 0.36 s (4.5 %) delay in first fixation on hazards (F1,33 = 6.4, p = 
0.016), and 0.07 s (1.9 %) shorter fixation duration on the hazards (F1,37 = 4.3, p = 0.046) 
were found for the older drivers compared to the young. 
Finally, significant age by visual condition interaction effects on saccade amplitudes (F1,1741 = 
6.7, p = 0.010), time to first fixation on hazards (F1,1686 = 10.6, p = 0.001), and total fixation 
duration on hazards (F1,1746 = 11.7, p = 0.001) were found (Figure 3).  With blur, the younger 
drivers on average made smaller saccades by 0.12° (4.0 %; F1,877 = 7.1, p = 0.008), showed a 
delay in their first fixation on hazards by 0.28 s (3.9 %; F1,870 = 13.1, p < 0.001), and had 
shorter fixation durations on hazards by 0.46 s (9.5 %; F1,872 = 5.0, p = 0.026) as compared to 
the best-corrected vision condition.  In contrast, there were no significant changes in these 
eye movement parameters between visual conditions for the older group (p > 0.05). 
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Figure 3. Eye movement parameters as 
a function of age group and visual 
condition where there were significant 
Age × Blur interaction effects.  Error 
bars represent standard error. 
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DISCUSSION 
This was the first study to investigate the combined effects of blur, auditory distractors, and 
age on eye movements while performing a laboratory-based driving HPT.  Hazard response 
times were significantly delayed with blur to a similar extent for all drivers.  Distractors 
resulted in significantly delayed response times and fewer hazards detected for both age 
groups, however, the effect was stronger for the older than the young drivers.  The 
detrimental effect of distractors on hazard response times was also reflected by changes in 
several measures of eye movements that suggest that drivers’ attention was diverted from the 
hazards by the distractors.  Blur only affected one eye movement parameter (fixation duration 
on hazards prior to response), but there were significant interaction effects between blur and 
age, where the young drivers exhibited significant alterations in their eye movement patterns 
with blur, compared to the older drivers.   
While the number of hazards detected was similar between the best-corrected and blur 
condition, there was an average delay in hazard response time of 0.42 s with blur in both 
groups of drivers, which equates to a 7 m increase in stopping distance for a vehicle 
travelling at 60 km/h.  This finding is in agreement with previous studies showing a 
detrimental effect of blur on closed-road driving performance in both young and older 
drivers, particularly for road sign recognition and low-contrast hazard detection.5, 6  Unlike 
the static hazards used in these previous closed-road studies, the HPT hazards included in the 
present study were comprised of a variety of road users that may appear abruptly from any 
location within the road scene.  Both groups had similar reductions in VA with +2.00 DS 
blur, so it is perhaps not surprising that both groups exhibited similar delays in hazard 
response times.  Although previous reports42-44 suggested that older adults may be more 
tolerant to optical blur, this does not seem to translate to hazard detection performance.  This 
discrepancy in findings may be due to two main differences between the current study and 
those reported previously.  The first is related to the visual scenes; the HPT video clips in the 
current study were comprised of visual scenes that are dynamic and constantly changing, in 
contrast to the static pictures and word signs used in the blur tolerance studies.42-44  The 
second is related to the performance measure; Kline et al.43, 44 measured the size threshold of 
pictures and words, which is very different to the HPT responses recorded here. 
The distractor task also significantly affected hazard response performance for all drivers, 
which agrees with previous closed-road studies on young, middle-age, and older drivers4, 12 
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that reported poorer road sign recognition performance, slower driving speeds, and poorer 
overall driving performance when participants completed a secondary arithmetic summing 
task while driving.  Importantly, the present study found that older drivers exhibited more 
delayed hazard response times with distractors and detected fewer hazards relative to the 
young drivers. The delay in response times, of an average of 0.96 s and 0.60 s for the older 
and young drivers respectively, would equate to an increase in stopping distances of 16 m and 
10 m for a vehicle travelling at 60 km/h.  This may reflect the greater decline in older 
compared to young adults’ driving performance reported when undertaking divided attention 
tasks,4 and may be linked to constriction of older adults’ useful field of view,7, 12  which 
reflects the area over which a person can effectively divide attention and extract visual 
information within a single glance.  
While the older drivers in the current study detected significantly fewer hazards than the 
young drivers, the groups were comparable in terms of hazard response time.  This is in 
general agreement with previous studies45, 46 that reported that hazard response times were 
similar for drivers aged 30 to 55 years and those aged 60 to75 years.  Importantly, Horswill et 
al.46 noted that drivers aged 75 years and above had significantly increased hazard response 
times compared to the younger age groups.  The authors46 hypothesised that in this older 
group of drivers, delayed hazard response times could be accounted for by declines in visual 
function and increased simple reaction times. However, the sample size and age range of the 
older group in the current study (20 participants aged 65 to 88 years old) may not have been 
large enough to reflect these declines.  
In contrast to the initial hypothesis, blur was not shown to increase time to first fixation, as 
might be expected given that blur would reduce the capacity to resolve details in the visual 
scene, including those of hazards.  It is possible that the dynamic visual scenes of the HPT 
video clips attracted attention to hazards and hence saccades towards them, given that visual 
motion cues are highly salient perceptually.47, 48  However, blur did increase the time that 
drivers fixated on the hazards prior to responding.  This suggests that, with blur, while 
drivers’ attention may have been may have been attracted by a given road user, they had 
more difficulty identifying whether that road user was a hazard; thus, longer fixations on the 
road user were required before drivers were able to make a judgement.  This is also reflected 
in their delayed hazard response time with blur. 
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Simulated navigation instructions resulted in alterations in several eye movement parameters.  
In particular, the increase in fixations per second, saccade amplitudes, and horizontal search 
variance, as well as the decrease in average fixation duration with the distractor task, reflect 
the driver’s frequent need to shift their attention towards the locations indicated by the 
navigation directions.  These findings are in contrast to those of previous simulator and on-
road studies, which reported reduced saccade amplitudes,17, 18 standard deviations of gaze 
position,20 and variability of horizontal and vertical fixation positions17, 18 when performing 
secondary tasks while driving compared to a non-distractor condition.  This disparity in 
findings may be potentially explained by the difference in the secondary task used in the 
current study compared to those in previous studies (verbal generation of words,17, 18 spatial 
rotation of letters,17, 18 and auditory tone discrimination20), which did not require fixation 
towards specific locations on the road to identify whether a particular navigational instruction 
was possible or not. It should be noted that, in the current study, the magnitudes of change in 
these eye movement parameters with distractors were relatively small, and it remains unclear 
whether these may impact on viewing behaviour for real-world driving. Drivers were also 
found to delay their first fixation and decrease their total fixation duration on the hazard with 
distractors.  This suggests that satellite navigation systems require drivers to alter their 
scanning behaviour to check the road layout according to the directional instructions, at the 
cost of diverting their attention from potential road hazards. 
A significant age by distractor interaction in terms of the horizontal search variance was 
found, where the young drivers demonstrated increased variance in horizontal search in the 
presence of distractors, whereas the older drivers did not significantly alter their eye 
movement behaviour.  This suggests that young drivers may be able to adapt to the presence 
of distractors by altering their search patterns.  The older drivers, on the other hand, did not 
alter their search behaviour in the presence of distractors, which may be linked to their 
reduced divided attention abilities.7, 12 
Several eye movement parameters were found to significantly differ between the two age 
groups. The finding that older drivers make smaller saccades than young drivers while 
performing the HPT is in accord with previous studies that have explored the relationship 
between age and saccade amplitudes while performing other driving42 and non-driving 
tasks.49, 50  For example, Dowiasch et al.49 noted that saccade amplitudes were negatively 
correlated with age in a study of healthy adults aged 25 to 85 years walking along a hallway.  
 
Page 20 of 25 
 
This decrease in saccade amplitude in older adults may be related to the reduced accuracy of 
their saccades, the end-point of which often fall short of the target, as compared to the young 
and middle-aged adults.50  Theories of age-related changes in the extra-ocular muscle 
function and weakening of the oculomotor signal that controls eye movements have been 
proposed as possible causes of these saccadic alterations with age.50  Horizontal search 
variance was also found to be significantly smaller for the older drivers as compared to the 
young; however, Underwood et al.45 failed to find any significant age differences in 
horizontal search variance in their small sample of drivers.  Interestingly, in the current study, 
vertical search variance was found to be larger among older drivers than the young. Given 
that few studies have explored age differences in the extent of search patterns while driving, a 
conservative approach to interpretation is indicated and further studies are warranted. 
Another age difference observed in the current study was that older drivers had a longer delay 
in first fixation on the hazards, and also spent less time looking at the hazards (reduced 
fixation duration on hazards), compared to their younger counterparts.  Despite these eye 
movement differences, the two age groups were comparable in hazard response times.  While 
it took longer for the older drivers to locate the hazards, which may partly be due to their age-
related decline in visual function,10, 46 it is possible that their greater driving experience 
enabled them to recognise the hazardous nature of road events quicker, compensating for the 
effects of declined visual function, and thereby maintain their hazard detection ability.45, 46   
Blur was also found to affect several eye movement parameters of the young but not the older 
drivers.  Although hazard response times were similar for both groups with blur, gaze 
behaviour was more affected by blur in the young drivers compared to the older.  In the 
presence of blur, the young drivers exhibited smaller saccades, delayed first fixation, and 
reduced fixation duration on hazards, suggesting reduced visual attention on hazards as 
compared to best-corrected vision.  On the other hand, the eye movement patterns of the 
older drivers were not significantly changed in the presence of blur.  This is the first time this 
age-related variation in driving gaze behaviour with blur has been observed, and further 
exploration is warranted to confirm and better understand this finding.   
The findings of this study should be considered in terms of both its strengths and limitations.  
The strengths include the use of a standardised testing protocol for the HPT and the use of an 
eye tracker with relatively high levels of accuracy.  Moreover, no two HPT clips were 
repeated for the same participant and the test order for the visual and distractor conditions 
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were counterbalanced, which minimised any learning effects and the influence of participant 
fatigue.  Another strength of the study was the use of the auditory navigations as the 
distractor, which mimic satellite navigation systems that are commonly used among drivers 
today, rather than cognitive tasks such as arithmetic computations21 and verbal generation of 
words.17  However, an important limitation is that the use of optical blur may not fully reflect 
the impact of true uncorrected refractive error where longer-term adaptation can occur.  An 
adaptation period of 15 minutes was included in order to minimise any short term changes in 
visual function with blur. Another drawback of the current study is the relatively small 
sample size of older drivers, with only seven participants aged over 75 years; this limits 
comparison between the performance of older drivers aged below and above 75 years, as 
previously reported in HPT research involving older drivers.46 
In conclusion, our study demonstrated that responses to driving hazards are delayed with 
optical blur and auditory distractors for all drivers, with older drivers’ performance being 
more affected by distractors.  With blur, drivers had to look at the road users for longer 
before deciding whether they were road hazards, while auditory distractors diverted attention 
away from hazards as indicated by eye movement changes. The findings from this study have 
implications for real-world driving given the increasing complexity of the modern driving 
environment, particularly as the distractor task used is similar to modern day in-vehicle 
information systems.  Further on-road studies on drivers with habitual uncorrected refractive 
error and distractors are warranted, to better understand how these findings translate into real-
world driving. 
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